A universal relationship between magnetization and local structure changes below the 
ferromagnetic transition in La 1 _ a Ca :I .Mn03; evidence for magnetic dimers. 
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We present extensive X-ray Absorption Fine Structure (XAFS) measurements on Lai-^Ca^MnOs 
as a function of B-field (to 11T) and Ca concentration, x (21-45%). These results reveal local struc- 
ture changes (associated with polaron formation) that depend only on the magnetization for a given 
sample, irrespective of whether the magnetization is achieved through a decrease in temperature or 
an applied magnetic field. Furthermore, the relationship between local structure and magnetization 
depends on the hole doping. A model is proposed in which a filamentary magnetization initially 
develops via the aggregation of pairs of Mn atoms involving a hole and an electron site. These pairs 
have little distortion and it is likely that they pre- form at temperatures above T c . 

PACS numbers: 61.10.Ht, 75.47.Lx, 71.38.-k, 75.47.Gk 
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In recent years, the interest in manganites has grown 
significantly. They belong to a broader class of materials 
where charge-spin-lattice interactions play a crucial role 
in the observed properties. An understanding of these 
interactions in the manganites may provide insight into 
other strongly correlated electron systems, such as the 
high-T c superconductors. 

The quasicubic manganites (Lai-^Ca^MnOa) exhibit 
colossal magnetoresistance (CMR) for Ca concentrations 
x ~ 0.2-0.5. Within this range, there are significant struc- 
tural changes as a function of temperature observed at 
the local atomic level (changes in the Mn-0 pair distribu- 
tion function (PDF)) and macroscopically (magnetostric- 
tion). The local distortions are associated with polarons 
and decrease rapidly through and below the ferromag- 
netic transition as observed using XAFS 0, S S 3 an d 
neutron PDF analysis || at B = OT. A tiny B-induced 
effect at IT has also been observed 0, but the effect is 
too small at IT to explore the field dependence. 

Many have argued for phase separation Q or two fluid 
0, models formed of conducting, ferromagnetic clus- 
ters/regions interspersed with poorly conducting regions. 
Recently, Ramakrisfman et. al. [9j have proposed a two 
band model of coexisting localized Jahn- Teller (JT) po- 
laron and broad band states. The idea of phase sepa- 
ration in these materials is generally accepted; however, 
the microscopic details of how nanoscale clusters develop 
into a fully magnetized state is still poorly understood. 
Here we propose a mechanism in which Mn pairs form 
filamentary clusters which are interspersed with Jahn- 
Teller-distorted, non- mag netic regions. This is consistent 
with Kumar et. al. [lfj, who have shown evidence for 
small clusters above T c , where the magnetic susceptibil- 
ity fits a Curie- Weiss law with a Curie constant nearly 
twice the expected value, suggesting Mn dimers. In addi- 
tion, recent neutron scattering data [Jjj show a glass-like 



phase with short range order above T c , which is also con- 
sistent with the Mn-dimer model presented here. 

Previously, we have shown for a few samples 0, 
that the decrease in average local distortion, A(<r 2 ), as T 
is decreased below T c , is a simple function of the sample 
magnetization, M. Here a is the width of the Mn-0 PDF 
obtained from EXAFS, and A(er 2 ) is the T- or B-induced 
change in o~ 2 . By extending those measurements to high 
fields (9-1 IT) for some samples, and to a range of Ca 
concentrations, 0.21 < x < 0.45, we find that the plots 
of A(<7 2 ) versus M (each normalized to their value at low 
T) depend primarily on hole concentration. 

We find three important results for each sample: (1) 
little distortion is removed until the fraction of magne- 
tized sites (M/Mo) reaches ~ 2y, where y is the hole con- 
centration (2) above ~ 2y, distortions are removed more 
rapidly as the sample becomes fully magnetized, and (3) 
the point of change between these two behaviors occurs 
at M/Mq ~ 2y. In addition, for the samples measured in 
an applied B-Field, the above three results hold regard- 
less of field, indicating that the change in local structure 
depends only on magnetization. 

Transmission XAFS Mn K-edge data were collected 
on powdered samples at the Stanford Synchrotron Ra- 
diation Laboratory (SSRL) on beam lines 7-2, 10-2 and 
6-2, using a Si(lll) monochromator. The sample prepa- 
ration has been described earlier [3] and accurate hole 
concentrations, y, were determined by iodometric titra- 
tion with an uncertainty of ± 0.005. For the XAFS sam- 
ples, the pressed pellets were reground, passed through a 
400-mesh sieve, and then brushed onto scotch tape which 
preferentially holds the smaller grains (< 5 fim) in a thin 
layer. Layers of tape were stacked to obtain a Mn K- 
edge absorption step height (nMnt) ~ 0.5 for each sam- 
ple. Generally, four scans were collected at each T (and 
B-ficld) for each sample. For the B-field measurements, 
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FIG. 1: Top: Magnetization versus T for Lao.7Cao.3Mn03. 
Bottom: The r-space peak for the Mn-O bond 
(Lao.7Cao.3MnOa) near T c ~ 260K. The fast oscillation 
is the real part of the transform (FT.r) while the envelope is 
±y/ FT R + FT i> where FT/ is the imaginary part. The FT 
range is 3.5-11.5A, with 0.3 A -1 Gaussian broadening. 



the field was aligned parallel to the tape layers such that 
the demagnetization factor is negligible. The magneti- 
zation data were collected on long rods with the B-field 
parallel to the axis; the demagnetization factor for this 
orientation is also negligible. The upper panel of Fig. 
n displays the magnetization at various magnetic fields 
for the 30% Ca sample; an applied B-field broadens the 
curve and shifts it to higher temperature. 

In EXAFS analysis, the absorption \i p from other 
atoms (pre-edge absorption) is removed first, then a sum 
of splines is used to obtain the background absorption 
Ho above the edge 0,0]. Next the XAFS function, x, 
is obtained as a function of photoelectron wave vector 

from = m/Mo — 1 (where k = \jlm e (E — Eo)/h 2 ). 
See Fig. 2 of ref. [2( for an example of the data qual- 
ity. The kx(k) data are then Fourier transformed (FT) 
to r-space. An expanded view of the first Mn-0 r-space 
peak for Lao.7Cao.3Mn03 for T near T c at several fields 
is plotted in Fig. ^ bottom. As B increases, the ampli- 
tude of the Mn-0 peak increases; thus the average value 
of <t must decrease, as observed (see Fig. bottom). In 
contrast, for T < T c or T > T C1 no significant B-field 
induced change in a is observed. Similar B-field induced 



changes were observed for the 21% sample for T near T c . 
Changes in the Mn-0 peak as a function of temperature 
also correlate with T c for all samples. 

The r-space data were fit 0] to similarly transformed 
standard functions, calculated using the FEFF6 code |l5J . 
We used E and Sq determined in earlier studies Q , con- 
strained the number of neighbors to 6, and fit the first 
Mn-0 peak using an av erag e bond length and a single 
broadening parameter a 16] . This method of fitting pro- 
vides a single-parameter-measure of the local disorder for 
comparisons with M. For each temperature, separate fits 
were made to each of four traces and the average value of 
a calculated; the rms fluctuation about the average, gives 
the relative errors, which are comparable to the symbol 
size in most cases (See Fig. |5J). The absolute error for a 2 
depends on the errors in Sq and in the FEFF calculation 
(both systematic errors), and may be of order 10-15%. 
This error primarily changes the static component of a 2 , 
and shifts the a 2 versus T plot vertically. 

ct 2 (T/T c ) for the Mn-0 peak is plotted in Fig. Elfor 
30% and 45% Ca. For the 30% sample, the curves shift to 
higher T and broaden as B increases, as is also observed 
in the magnetization measurements (see Fig. ^ top). 

The contributions to <J 2 (T) add up in quadrature 
when different broadening mechanisms are uncorrelated, 
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(T) is the contribution from thermal phonons, 
arises from temperature independent static dis- 
tortions, and cTp olaron (T) is the contribution from the 
presence of hopping polarons, at 300K (which we will 
argue below, are likely hopping "dimerons" ) . The latter 
becomes T-independent when M ~ - we refer to this 




FIG. 2: a 1 versus T/T c for the first Mn-O peak of 
La .55Cao.45Mn0 3 (T c ~ 250K) and Lao.7Cao. 3 Mn0 3 (T c ~ 
260K). The dotted lines are guides to the eye. The solid line 
is the behavior if no polaron distortions are removed - i.e. a 2 
for CaMnOs plus a large static distortion. A(<r 2 ) is defined 
as the difference between this line and the experimental data. 
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FIG. 3: A(a 2 ) versus relative magnetization for the five dif- 
ferent concentrations. A(<j 2 ) and M have been normalized to 
their respective values at low T. A (a 2 ), defined in Fig|5] is the 
decrease in a 2 as T is lowered below T c that is attributed to 
the loss of polaronic distortion. Note that the slope of A(a 2 ) 
versus M/Mo changes at roughly M/Mo ~ 2y (see Fig. |JJ. 

as PRT-poiaroni th.e remaining weak T dependence just 
above T c is nearly identical to that for pure CaMnC>3 
and arises from the thermal phonon contributions; the 
solid line in Fig. [3 is the sum of the phonon and RT- 
polaron distortion. The difference between this line and 
the data is A(cr 2 (T)) and represents the amount of po- 
laron distortion removed (Fig. |5J. Using A(ct 2 (T)) and 
M(T), we can plot the changes in the local distortions 
as a function of M. In Fig. |31 we show A(cr 2 ) versus M, 
with each normalized to their low-T values. The data 
follow the same linear relationship, within the errors, ir- 
respective of whether the magnetization was obtained by 
a change in T or B (for x = 0.3 and 0.21). Thus, for a 
given sample, the distortion removed is a nearly univer- 
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FIG. 4: Breakpoint in Fig. [3 versus hole concentration, y. 
The breakpoint occurs at ~ 2y for each sample. 
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FIG. 5: Model of magnetization process for T ~ T c (only 
Mn sites shown). Black ovals - JT-distorted polarons; encir- 
cled pairs - dimerons consisting of a partially distorted elec- 
tron/hole pair; outlined regions - magnetic clusters with mag- 
netized hole sites (open circles) and magnetized electron sites, 
with JT-distortion removed (gray circles). 

sal function of M. An important feature of every plot is 
the low initial slope; little distortion is removed until the 
sample is more than 50% magnetized. Then A(cr 2 (T)) in- 
creases rapidly with M - i.e. M and A(cr 2 ) are not quite 
in phase. The break poin t occurs at M/Mo ~ 2y for each 
sample (see Fig. |ljj, i.e. twice the number of holes. 
The breakpoint at ~ 2y and the low slope for M/Mo < 2y 
suggests that the magnetization develops via pairs of Mn 
sites - a hole and a (distorted) electron site. We propose 
that such dimer pairs (wh ich we call a dimeron) form at 
some temperature T* |l8( above T c , which likely corre- 
sponds to the temperature at which there is a break in 
the susceptibility plots. 01 

In this dimeron model, an electron must be able to 
rapidly hop back and forth between two sites for the dou- 
ble exchange mechanism to be operative; this is only fea- 
sible for an electron/hole pair. For the Jahn- Teller (JT) 
distorted site it costs energy Ejt to completely undis- 
tort the site; consequently, as long as holes are present, 
the least amount of energy is required when the mag- 
netization develops in electron/hole pairs. The dimeron 
quasi-particle will also be mobile; the hole changes elec- 
tron partners as it moves through the sample. 

If we let the distortion per JT-site be a constant, a, 
then the maximum average distortion removed per mag- 
netized Mn site (for decreasing T or increasing B-field) 
is only a/2 in the initial stages of magnetization. Once 
the holes are used up, the distortion removed per Mn 
site would then increase to a. This is qualitatively close 
to the behavior of the data shown in Fig. |3 however, 
the ratio of the slopes is closer to 1:4, instead of 1:2, as 
would be expected from this simple calculation. How- 
ever for the dimeron, the electron is partially delocalized 
and the JT-like distortion will be reduced, although not 
eliminated. As a result, the ratio of the slopes would be 
larger than 1:2. For example, if the dimeron contains 
half the total polaron distortion of an electron/hole pair, 
then the distortion per site would be a/4 and the ratio 
of slopes would be 1:4. 
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Another explanation for the large change in slope could 
be a variation in the size of the polaron distortions (differ- 
ent values of Ejt) throughout the system, due to strains 
and local variations in Ca content. The sites with the 
smallest distortion would then magnetize first. Since 
EXAFS gives a measure of the average local distortion 
over all sites, we cannot easily distinguish between these 
two possible explanations, unless at higher temperatures 
the dimerons dissociate to form isolated Mn moments 
1 1 OM ] with larger J-T polaron distortions. Further experi- 
ments are underway to investigate this possibility. Also, 
as T approaches T c it is possible that small clusters of 
dimerons can form - the EXAFS data are not in con- 
flict with such a possibility, they only indicate that equal 
numbers of electrons and holes (i.e. an integer number 
of pairs) have aggregated in the magnetic clusters. The 
EXAFS data, however, are not consistent with a large 
number of Mn triplets (e.g. two electrons and one hole 
or two holes and one electron). 

A "cartoon" of this model for T ~ T c is depicted in 
Fig. El Pairs of partially distorted holes (small light gray 
ovals) and partially distorted electron Mn sites (small 
dark gray ovals) are encircled at some instant in time, to 
represent a dimeron; these are continuously hopping as 
the hole changes electron partners. Several magnetized 
clusters are also shown; in each cluster, the dimerons be- 
come completely undistorted and lose their identity as 
the electron becomes much more delocalized (initial elec- 
tron sites represented by gray circles; initial hole sites by 
open circles) [T^- At low M (M/M < 2y), the dimerons 
in the non-magnetic regions are continually hopping and 
will occasionally diffuse close enough to a magnetic clus- 
ter that they can join the cluster. Here the quenched 
disorder from the positions of the Ca constrains how the 
magnetization develops, because for charge neutrality, 
the holes cannot be too far away from Ca sites. Con- 
sequently, if the magnetic clusters for M/Mq < 2y are 
formed from dimeron aggregation, then there will be fil- 
aments of the excess JT-distorted electron sites (black 
ovals) throughout the magnetized regions. Thus, the 
magnetic cluster development in this regime may be sim- 
ilar to diffusion limited aggregation, with the majority of 
the magnetic thermal fluctuations occurring in the para- 
magnetic and boundary regions. It will lead to interpen- 
etrating nanoscale filamentary clusters of magnetic and 
non-magnetic regions. 

In summary, XAFS data as a function of B and T indi- 
cate that the decrease in lattice distortion with increas- 
ing M is a nearly universal function for each sample. The 
decrease in distortion is small up to M/Mo ~ 2y, which 
suggests that the magnetic clusters develop by the ag- 
gregation of Mn pairs (electron/hole sites), which we call 
dimerons. The location of such aggregated dimerons is 
constrained by the quenched disorder of the Ca distri- 
bution, which leads to filamentary magnetic clusters for 
M/Mq < 2y. Increased local distortions should be found 



at higher temperatures when the dimerons dissociate. 
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